The control system in human brain generally exerts the goal-directed regulation on a variety of mental processes. To deal with different control demands, these brain areas of the control system, especially the dorsolateral prefrontal cortex (DLPFC), may be flexibly recruited across different tasks. However, few studies have investigated how the flexibility of the control system is realized during cognitive control. Present study employed functional magnetic resonance imaging to examine the brain responses during two domain distinct conflict tasks (verbal color-word Stroop and visuospatial arrow flanker). The voxel-wise asymmetries in both functional activity and psychophysiological interaction (PPI) between these two tasks were compared. The results showed that the brain areas of control system were consistently activated in these two tasks.
include the DLPFC's flexible activation and top-down modulation, should reflect how the control system is engaged in various task demands. In the present study, we aimed to further clarify the neural mechanisms of how the flexibility of cognitive control is achieved by the DLPFC's functional architectures.
To investigate this issue, cognitive control tasks with distinct control system processes in addition to the task-general cognitive control were needed. We found the color-word Stroop task and arrow flanker task (Eriksen & Eriksen, 1974; Fan, McCandliss, Sommer, Raz, & Posner, 2002; Stroop, 1935) are suitable for our aims. It is well known that the color-word Stroop task needs word-verbal processing and the arrow flanker task may need direction-spatial processing. These two typical paradigms in cognitive control studies involve different task sets, which may evoke different control demands. When solving these different conflicts, the flexible cognitive control processing of DLPFC may task-specifically activate and interact with those areas responsible for the specialized word and direction processes.
Notably, the functional cerebral asymmetry (FCA) activity is a basic feature of cerebral functions, especially for verbal and visuospatial processes (Hugdahl & Davidson, 2004; Hugdahl & Westerhausen, 2010) , which are recruited in the color-word Stroop and arrow flanker tasks. In fact, FCA activity has been observed in the Stroop task. Specifically, the inhibition of DLPFC to the task-irrelevant word reading during the Stroop task is associated with the left hemispheric lateralization of language processing, for instance the left DLPFC shows more instantaneous response and intensive activity than the right DLPFC to suppress the task-irrelevant word reading processing (Hugdahl & Davidson, 2004; Leung, Skudlarski, Gatenby, Peterson, & Gore, 2000; Ye & Zhou, 2009 ). Presumably, the task-specific FCA activity could also be observed in the flanker task. If so, the lateralization result can suggest how the control system can flexibly represent and respond to various cognitive control demands. Additionally, cognitive control also relies on large-scale interactions between DLPFC and other brain regions (Cocchi, Zalesky, Fornito, & Mattingley, 2013) . The functional connectivity based on the DLPFC is related to the attention to endogenous events and changes as a function of control complexity (Bressler & Menon, 2010; Dosenbach, Fair, Cohen, Schlaggar, & Petersen, 2008 ). Thus, the task-specific functional connectivity of DLPFC should also be investigated to reveal how the control system interacts with other brain areas to flexibly handle different control demands.
In this study, we employed fMRI to investigate functional activity and connectivity of the DLPFC during the color-word Stroop and arrow Eriksen flanker tasks. We used the activation contrast, conjunction null hypothesis (Friston, Penny, & Glaser, 2005; Nichols, Brett, Andersson, Wager, & Poline, 2005) , and voxel-wise asymmetry analyses (Stevens, Calhoun, & Kiehl, 2005) to examine the flexible cerebral representation of cognitive control, and the psychophysiological interaction (PPI) and functional connectivity lateralization index (FCLI) analyses (Di, Kim, Chen, & Biswal, 2014; Friston et al., 1997; O'Reilly, Woolrich, Behrens, Smith, & Johansen-Berg, 2012) were performed to further reveal the adaptive interaction between the DLPFC and the other brain regions for different cognitive demands. The task-specific representation and modulation of the control system may shed light on the mechanisms of flexible cognitive control.
| MATERIALS AND METHODS

| Participants
Two groups of college students, 38 for the Stroop task (22 females; mean age = 21.31 years, SD = 1.95) and 38 for the flanker task (18 females; mean age = 21.80 years, SD = 1.79), were recruited in this study. All participants were right-handed, had normal or corrected to normal vision and normal color perception, and received monetary compensation for their participation. The Stroop task data of two participants and flanker task data of three participants were excluded due to head motion (>2.5 mm or 2.5
). The study was approved by the Human Ethics Committee for Brain Mapping Research at Southwest University, China and a written consent was obtained from each participant before the experiment.
| Experimental paradigms
A 4-2 mapping Stroop task (Chen, Lei, Ding, Li, & Chen, 2013; De Houwer, 2003) was employed using four Chinese characters of "Red,"
"Yellow," "Blue," and "Green" on a black background (see Figure 1 top panel). Each character was presented in one of the four colors (i.e., red, yellow, blue, and green; 16 stimuli altogether). Participants were asked to respond according to the colors of the characters; the red and yellow colors were mapped onto the thumb of the left hand, while the blue and green colors were mapped onto the thumb of the right hand. There were three types of stimuli: congruent stimuli (CO, e.g., "Red" word in red), semantic incongruent stimuli (SI, e.g., "Red" word in yellow) and response incongruent stimuli (RI, e.g., "Red" word in blue). Note that, because the RI-CO contrast represented the total Stroop interference effect and the semantic incongruent was contaminated by semantic and response interference effects (Chen et al., 2013) , for further analyses, the RI rather than the SI condition was regarded as the incongruent condition (IC) to define the Stroop interference effect (IC-CO). In total, 120 trials of two runs were employed in this study, which consisted of 48 congruent trials, 36 semantically incongruent trials, and 36 response incongruent trials. We used this relatively higher ratio of CO to SI + RI trials (i.e., 1:1.5) than 1:2 (i.e., CO:SI:RI as 1:1:1) to reduce the expectancy of conflict and to maintain the Stroop effect (Carter et al., 2000; Fellows & Farah, 2005; Van Veen & Carter, 2005) . Stimuli were presented at pseudo-random order with no more than three repeated responses made.
For the flanker task, the stimulus was a row of five black singlehead arrows on a gray background (see Figure 1 bottom panel), with arrowhead pointed to left or right as in a previous study (Fan et al., 2002; Fan, McCandliss, Fossella, Flombaum, & Posner, 2005) . The The trials in both the Stroop and flanker tasks started with a white fixation for 500 ms, and after the characters or arrows had been displayed for 300 ms, there was a gray fixation for a 1,200 ms response period, and then followed by an additional 12,000 ms gray fixation as the inter-trial interval. The extended interval time between the stimuli allowed the blood-oxygen-level dependent (BOLD) signal to return to baseline, which can improve the detection of brain activation and PPI neural signal deconvolution (Bandettini & Cox, 2000) .
| Behavioral data analysis
Behavioral interference effects of Stroop and flanker tasks were calculated as the difference between mean reaction time (RT) of CO and IC conditions (IC-CO). Error trials and trials longer than 1,500 ms or shorter than 300 ms in RT were excluded. A one-sample t-test was conducted to test the interference effect (difference between the CO and IC) in RT.
| Image acquisition and preprocessing
Images were acquired with a Siemens 3 T scanner (Siemens Magne- to pre-process the EPI images (Friston, Holmes, et al., 1994) . The first five images were discarded, and then the slice timing correction was conducted. Through estimating (the first volume as a reference) and using a 6-parameter rigid-body spatial transformation matrix, the EPI images were realigned to correct the head movement. These head movement corrected EPI images were then normalized to Montreal Neurological Institute (MNI) EPI template in 3 × 3 × 3 mm 3 voxel size.
The normalized images were spatially smoothed with a Gaussian kernel with the full width at half maximum as 8 × 8 × 8 mm 3 .
| Activation analyses
Using SPM8, two general linear models (GLM) were estimated. In the GLM for Stroop task, four regressors (i.e., congruent, semantic incongruent, response incongruent, and error) were included for each run in the design matrix. Regressors were convolved with the canonical hemodynamic response function (Friston, Jezzard, & Turner, 1994) and the six realignment parameters were included as covariates (Friston, Williams, Howard, Frackowiak, & Turner, 1996) . The contrast of IC-CO was defined for the Stroop interference effect. In the GLM for the flanker task, three regressors (i.e., congruent, incongruent, and error) were included for each run, and the flanker interference contrast (IC-CO) was also defined. Next, the group activation analyses were performed with random effect models. Finally, the interference effect difference between Stroop and Flanker tasks was examined by a two-sample t-test, and their common activation was examined by a conjunction analysis which is based on conjunction null hypothesis (Friston et al., 2005; Nichols et al., 2005) . Gender and age factors were regressed out as covariates during these analyses. The group effects were corrected with a voxel-wise height of p < .001 and a cluster family-wise error (FWE) of p < .05 for multiple comparisons
Behavioral protocols of Stroop and flanker tasks. In the top panel, the Chinese character "yellow" and the Chinese character "blue" were displayed in the same or different colors and response sets to their word meanings. The Stroop task contained congruent (CO), semantic incongruent (SI), and response incongruent (RI) stimuli. In the bottom panel, the flanker task contained CO and RI conditions [Color figure can be viewed at wileyonlinelibrary.com] (Forman et al., 1995; Friston, Worsley, Frackowiak, Mazziotta, &, Evans, 1994 ).
| Asymmetry activation calculation
To investigate the distinct FCA activity of Stroop and flanker tasks, the voxel-wise asymmetry algorithm (Stevens et al., 2005) was used to calculate the asymmetry maps to avoid the threshold sensitiveness problem of voxel counting while computing a laterality index (Swanson et al., 2011) . To deal with the structure differences between left and right cerebral hemispheres, we first created a hemispherically symmetric EPI template by averaging the MNI EPI template and its left-right flipped image. Then for each participant, we registered the original spatially normalized mean EPI images to this symmetric EPI template, and used the coregistration parameters to normalize the interference activations (Stevens et al., 2005) . The group asymmetry effects were tested using a one-sample t-test, with a significant level of p < .001 voxel-wise and p < .05 cluster-wise FWE correction.
| Interregional interactions from bilateral DLPFCs
The PPI analysis was conducted to indicate the regions that showed significantly different correlations with the seed region (e.g., DLPFC) under different conditions (e.g., CO and IC in our study) (Friston et al., 1997; O'Reilly et al., 2012) . In other words, the PPI regressor predicted the effects of an experimental factor on the target region when taking the input from the source region into consideration. Based on the group activation of interference effects, we defined spherical regions of interest (ROIs) with a radius of 6 mm and maximum peaks within the anterior and middle third (centered at the junction between Brodmann's area [BA] 9 and BA 46) of the bilateral middle frontal gyrus (MFG) (Mylius et al., 2013) The PPI analyses were performed with the following steps (Friston et al., 1997) : First, the time courses of these seed regions were extracted for each run as the volumes of interest (VOIs). These raw time courses were adjusted by the F-contrasts of congruent and incongruent conditions (effects of interest) to rule out the main effect of task. Then, the PPI parameters of the experimental contrast (IC-CO) were calculated. Lastly, these PPI parameters were entered into GLMs as the regressors to find the regions which showed significant correlations with the interaction between the physiological signal (from the lDLPFC or rDLPFC) and the psychological context of the conflict levels (CO and IC). The total PPI effects of bilateral DLPFCs were calculated using a one-sample t-test which integrating and testing the PPI weight images of both the lDLPFC and rDLPFC in one GLM (p < .001 voxel-wise and p < .05 cluster-wise FWE correction).
Within the small volume of this total PPI effects, the group PPI results
for each lateral DLPFC were tested using the one-sample t-test, with a significant level of p < .001 voxel-wise and p < .05 cluster-wise FWE correction.
| Functional connectivity lateralization of PPIs
The asymmetric PPIs from bilateral DLPFCs were investigated to further examine the task-specific functional connectivity of the DLPFC in cognitive control. PPI differences between the lDLPFC and rDLPFC were tested using the functional connectivity lateralization index (FCLI) map to reveal the FCA PPIs of DLPFC in the large-scale interregional interactions level with the equation (Di et al., 2014) :
Specifically, according to the above-mentioned LUI software (Stevens et al., 2005) , the "LL" is the Left-Right image of lDLPFC PPIs image; the "RL" is the Left-Right image of rDLPFC PPIs image; the "RR" is the Right-Left image of rDLPFC PPIs image; and the "LR" is the Right-Left image of lDLPFC PPIs image (see Figure 4c ). After this step, we created a FCLI map for each participant. The group effects were tested using a one-sample t-test. Since the obvious difference between Stroop and flanker tasks was in the stimulus perception level (Egner & Hirsch, 2005) , then we were interested in the FCLI of PPIs in the visual cortex. Thus, the group FCLI effects were p < .001 voxelwise and p < .05 cluster-wise FWE corrected with a small volume correction in an anatomical mask that included the occipital, occipitotemporal (i.e., inferior and middle temporal gyri) and occipitoparietal (i.e., inferior parietal lobule) cortexes (Dunst, Benedek, Koschutnig, Jauk, & Neubauer, 2014; Schultz & Cole, 2016) .
The common PPIs of bilateral DLPFCs were calculated using conjunction analyses based on the conjunction null hypothesis to reveal bilateral DLPFCs' symmetric interactions with other brain regions (Friston et al., 2005; Nichols et al., 2005) . The conjunction results were corrected using a small volume correction within the intersection of the above-mentioned visual cortex mask and the regions of the total PPI effects (p < .001 voxel-wise and p < .05 cluster-wise FWE correction). In addition, the PPI beta values were extracted from 6 mm radius spherical ROIs of maximum FCLI and conjunction peak coordinates for each lateral DLPFC to intuitively present the PPI differences between the bilateral DLPFCs connectivity under the Stroop and flanker tasks.
3 | RESULTS 
| Behavioral Stroop and flanker interference effects
| Task-general and specific interference activation
The interference effects of the Stroop and flanker tasks were calculated in comparing with previous studies on cognitive control.
Through the contrast of IC and CO conditions of the Stroop task, increased activation was found in the control system [DLPFC, dorsal anterior cingulate cortex and pre-supplementary motor area (dACC and pSMA), anterior insula and frontal operculum (aI and fO) and posterior parietal cortex (PPC)] (see Figure 2a ; Table 2 ). Similarly, the flanker interference was associated with increased activation in the control system regions, and decreased activation in the DMN regions (see Figure 2b ; Table 2 ).
Importantly, in present study, the common interference-related activation of the two tasks were found in the dACC and pSMA, aI and fO, and left PPC (see Figure 2c ; Table 2 ). Meanwhile, the difference activation between Stroop and flanker tasks in interference effect was found in the left DLPFC and right PPC. Specifically, the Stroop interference caused greater activation in the left DLPFC than the flanker interference (see Figure 2d ; Table 2 ).
| Task-specific asymmetric interference activation
The voxel-wise asymmetric activation analyses to directly compare the activation differences between the bilateral DLPFCs showed positive lateral activation in the left DLPFC, left PPC, and left temporal lobe (see Figure 3a ; Table 3 ). For the flanker task the positive lateral FCA activity were observed in the right dACC and pSMA and aI and fO, and the negative FCA activity in the right temporal lobe (see Figure 3b ; Table 3 ). The positive FCA activity indicates the region showed left lateralization during cognitive control, while the negative FCA activity indicates the region was right lateralized.
| Task-specific modulations of bilateral DLPFCs
The total PPI effects showed significant interactions of the bilateral DLPFCs with the visual areas during the Stroop task (see Figure 4a ; Table 4 ), and with the SMA, primary somatosensory and motor cortex, PPC, precuneus, and visual cortex during the flanker task (see Figure 5a ; Table 5 ).
| DISCUSSION
The functions of control system are thought to be generally assessed across various task demands (Buckner & Vincent, 2007; Spagna et al., 2015) . In present study, with FCA activity and connectivity analyses and the original combination of the FCLI and PPI techniques, our The positive activation in the control system showed a typical pattern of Stroop and flanker effects (Fan et al., 2005; Laird et al., 2005) , and the deactivation in the DMN may indicate its role in facilitating the processing of internal mental noise during cognitive control (Bressler & Menon, 2010; Liu et al., 2015) . Among the control system, the dACC is related to the detection of conflict (Botvinick et al., 2001; Botvinick, Cohen, & Carter, 2004) , and the aI and fO is thought to evaluate task performance and monitor error response In our conjunction analysis, these regions were found to generally it is more likely to be a task-dependent component of cognitive control (Braver et al., 2009; Cole et al., 2013) . In brief, when facing changing cognitive control situations, the brain needs both stable and flexible substrates for adaptive cognitive control. In the next paragraphs, we would further discuss how the relevant information on task-dependent cognitive control is flexibly represented in the human brain.
The asymmetric activity map of Stroop interference revealed hemodynamic lateralization in the left hemispheric DLPFC, PPC, and temporal lobe. As the language is involved in both the word reading and color naming of Stroop stimuli (Chlebus et al., 2007; January, Trueswell, & Thompson-Schill, 2009; Ye & Zhou, 2009) , the asymmetric activation of lDLPFC may be due to lDLPFC's ipsilateral control to language processing that is also left lateralized in the brain. Interestingly, previous studies on the FCA activity of Stroop task showed that when Stroop stimuli were presented in the right visual field, the Stroop effect was larger than that when they were presented in the left visual field (Schmit & Davis, 1974; Tsao, Feustel, & Soseos, 1979) .
Because the stimuli in one (left or right) visual field were mapped to the contralateral hemisphere, these findings indicated that processing in the left hemisphere induced more language-related interference than the right hemisphere (Belanger & Cimino, 2002; MacLeod, 1991) .
Thus, the lateral activation in the lDLPFC may suggest that the left DLPFC involve more in controlling the language-related interference through inhibiting task-irrelevant wording reading and/or amplifying task-relevant color naming processing.
In contrast, the asymmetric activation of flanker task was observed in the right aI and fO and right dACC and pSMA suggested that the detection and representation to the visuospatial flanker interference may mainly locate in the right control system (Botvinick et al., 2004; Cole & Schneider, 2007) . Previous studies showed the visuospatial attention network is right hemilateral (Corbetta & Shulman, 2011; Shulman et al., 2010) . Because the flanker stimuli we used were directional arrows with visuospatial information, this may result in the cognitive control-related cerebral asymmetries in the right aI and fO and right dACC and pSMA to detect and represent the visuospatial conflict in flanker task (Cornette et al., 1998; Shulman et al., 2010) .
Besides, none of the corrected asymmetric regions was found in the DLPFC, suggesting the DLPFC may be more symmetric activated when resolving the flanker interference than handling the Stroop task.
To summarize the activation results for flexible cognitive control representation, it is well known that the language processing, which is involved in the Stroop effect, significantly impacts the FCA activity (January et al., 2009; Ye & Zhou, 2009) . Through adopting the flanker task, where the arrow direction was language-free, we observed the different FCA activity between these tasks, thus demonstrating that as a general function of cognitive control, the DLPFC flexibly changed its activation patterns to handle various task demands. Nevertheless, since the Stroop and flanker tasks have different stimulus features, to further understand how the human brain efficiently implements the flexible cognitive control. The task-specific processes of the DLPFC should also be reflected in its modulation on other cognitive processes.
As a top-down goal-directed function, the task-dependent interregional interactions from the DLPFC to other brain regions were considered through PPI analyses. The results showed that the DLPFC positively interacted with visual areas V1 and V2 for the Stroop task while positively interacted with V5/MT for the flanker task, indicating the task-specific neural mechanisms of the DLPFC to the stimulus processing (Gazzaley et al., 2007; Miller & Cohen, 2001; Zanto, Rubens, Thangavel, & Gazzaley, 2011) . Specifically, the positive interactions indicated the DLPFC reallocated more attention to color perception in visual areas V1 and V2 during the Stroop interference than congruent condition (Miceli et al., 2001; Simmons et al., 2007) showed significant PPI weights, but none for the rDLPFC source. Correspondingly, neither the lV1 and V2 nor the rV1 and V2 showed significant PPI with both sides of the DLPFC. These findings indicated that it was the DLPFC rather than the visual cortex that played a flexible role in the PPI and top-down cognitive control. Of note, our findings just focused on functional differences between bilateral DLPFCs, but did not deny their common functions during the cognitive control.
Taken together, the DLPFC's lateralization of task-specific modulation in the stimulus perception level further indicated how the human brain implements its flexible cognitive control.
In conclusion, as a general cognitive function, the adaptability of cognitive control is not elusive, it relies on a variety of certainties (e.g., the flexibility). As being revealed in present study, the control system implements its adaptive cognitive control across variety task demands through both task-general salience detection and taskspecific goal-directed regulation. These novel findings further clarify the neural mechanisms beneath the cognitive control and suggest the combination of FCA and PPI is a promising method in exploring cognitive control neural mechanisms. 
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